To assess physiological and pathophysiological events that involve dynamic interplay between multiple cell types, real-time, in vivo analysis is necessary. We developed a technique based on confocal laser microscopy that enabled us to analyze and compare the 3-dimensional structures, cellular dynamics, and vascular function within mouse lean and obese adipose tissue in vivo with high spatiotemporal resolution. We found increased leukocyte-EC-platelet interaction in the microcirculation of obese visceral adipose tissue in ob/ob and high-fat diet-induced obese mice. These changes were indicative of activation of the leukocyte adhesion cascade, a hallmark of inflammation. Local platelet activation in obese adipose tissue was indicated by increased P-selectin expression and formation of monocyte-platelet conjugates. We observed upregulated expression of adhesion molecules on macrophages and ECs in obese visceral adipose tissue, suggesting that interactions between these cells contribute to local activation of inflammatory processes. Furthermore, administration of anti-ICAM-1 antibody normalized the cell dynamics seen in obese visceral fat. This imaging technique to analyze the complex cellular interplay within obese adipose tissue allowed us to show that visceral adipose tissue obesity is an inflammatory disease. In addition, this technique may prove to be a valuable tool to evaluate potential therapeutic interventions.
Introduction
Despite significant advances in our understanding of the key role played by adipose tissue obesity in metabolic syndrome and cardiovascular disease, relatively little is known about the underlying cellular interplay that leads to adipose tissue dysfunction and systemic metabolic disturbance. Recent studies demonstrating infiltration of adipose tissue by macrophages and their secretion of inflammatory cytokines suggest the interplay between adipocytes and nonadipocytes is a contributor to adipose tissue pathology (1) . Indeed, in vitro studies have shown that cross-talk between macrophages and adipocytes affects the function of both cell types (2) (3) (4) , which highlights the need to analyze the cellular dynamics within obese adipose tissue in vivo. Unfortunately, the fragility of the large adipocytes that account for most of the volume of adipose tissue makes it difficult to preserve the integrity of the tissue under study. Consequently, our current models of the basic mechanisms governing adipose tissue function are mostly based on extrapolations from in vitro experiments or conventional histological analysis, and our understanding of these phenomena would greatly benefit from the availability of tools enabling in vivo observation and analysis. We therefore developed techniques for imaging real-time cellular dynamics with high spatiotemporal resolution in adipose tissue in living mice while maintaining tissue integrity by modifying the conventional in vivo confocal imaging method (5, 6 ). This system not only enabled acquisition of images of vasculature, leukocytes, erythrocytes, and platelets, in vivo, it also provided the means to evaluate indices of vascular function (i.e., blood flow and vascular permeability) and enabled observation of the effects of pharmacological intervention on cellular dynamics. We used this system to analyze inflammatory processes in obese adipose tissue.
Metabolic syndrome is increasingly recognized as a chronic, lowlevel, inflammatory state induced by obesity, and adipose tissue is considered to be a key site of interaction between adipocytes and other immune system effectors (1) . We recently showed that adipose tissue obesity involves the coupling of adipogenesis and angiogenesis via close interactions among adipocytes, ECs, and stromal cells (7) . In advanced obesity, the focal convergence of macrophages on necrotic adipocytes, designated crown-like structures (CLSs), is often found within adipose tissue. These structural alterations, along with increased expression of inflammatory cytokines, suggest that obese adipose tissue is a site of inflammation. However, it remains to be determined whether adipose tissue obesity also shows the fundamental features of inflammation, such as dynamic leukocyte-EC interactions.
Inflammation is a response to injurious stimuli in vascularized tissue and is initiated by recruitment of leukocytes from the bloodstream into the affected tissue (8) . Leukocyte recruitment also plays essential roles in the perpetuation of inflammatory processes in chronic inflammatory diseases such as atherosclerosis. Although leukocyte recruitment can occur in larger atherogenic arteries, the microcirculation is the primary site of leukocyte recruitment in both acute and chronic inflammation (9) . Leukocyte recruitment and migration are primarily controlled by the interaction of leukocytes with vascular ECs and proceeds in several steps -i.e., tethering, rolling, activation, firm adhesion, and extravasation -mediated by adhesion molecules expressed on the surfaces of both cell types (10) . Unstimulated leukocytes do not readily adhere to the vascular endothelium, but inflammatory signals induce the expression of proteins on EC and leukocyte surfaces that promote the adhesion and extravasation of activated immune cells from the circulation into the underlying tissues. The initial capture and rolling of leukocytes is mediated by selectin family proteins (P-selectin and E-selectin), and subsequent activation of integrins leads to their binding to ICAM-1 and VCAM-1 on the EC surface, resulting in firm adhesion (10) . Finally, leukocytes infiltrate the extravascular space via PECAM-1. There is a good body of evidence showing increased levels of serum-soluble adhesion molecules, including soluble ICAM-1, VCAM-1, P-selectin, and E-selectin, in obese populations (11) , and obesity is also associated with persistent platelet activation (12) . These data suggest that obese adipose tissue is a site of enhanced interaction between ECs and leukocytes. However, to our knowledge, the dynamic cellular events taking place in the microcirculation in obese adipose tissue have not yet been directly analyzed.
Another important alteration in vascular function in obese adipose tissue is that blood flow per unit volume of tissue is diminished (13, 14) . However, how the microcirculation is changed in obese adipose tissue and how multiple cell types interact with one another has not been directly investigated. To elucidate the dynamic changes in the microcirculation of obese adipose tissue and to address the functional and histological basis of adipose tissue inflammation, we examined the cellular dynamics of ECs, erythrocytes, leukocytes, and platelets in living adipose tissue in vivo using high-resolution, high-speed confocal microscopy. Our results demonstrate that the microcirculation and cellular dynamics were altered and that leukocyte recruitment was augmented in obese adipose tissue. Moreover, we found that obese visceral adipose tissue can be a local site of inflammation that may promote systemic inflammatory states in obese subjects.
Results

In vivo imaging system showing enhanced leukocyte-EC-platelet interaction and perturbed blood flow in obese visceral fat pads.
To visually analyze the microcirculation and cellular dynamics within adipose tissue in living mice, we developed in vivo imaging techniques (Figure 1 ) by modifying the methods that have previously been applied to other tissues (5, 6) . The fat pads of anesthetized mice were observed through small dermal windows, without being exteriorized. Using a spinning-disk confocal microscope and a charge-coupled device camera, we visualized obese adipose tissue and assessed its cellular dynamics in living mice.
Blood cell dynamics were visualized by injecting FITC-dextran ( Figure 2 , A-I, and Supplemental Movies 1-6; supplemental material available online with this article; doi:10.1172/JCI33328DS1), and leukocytes were identified by nuclear staining with acridine orange (Figure 2 , K, L, N, and O, and Supplemental Movies 7 and 8). Single-platelet kinetics were also visualized by injecting fluorescent anti-CD41 antibody (Supplemental Movie 9). We first compared epididymal adipose tissue in ob/ob mice with that in lean control ob/+ mice. In ob/+ mice, capillary blood flow within epididymal adipose tissue was continuous, and leukocytes interacting with the vessel walls were rarely observed (Figure 2 , D and G, and Supplemental Movies 1 and 4). But there was a striking difference in the obese epididymal adipose tissue of 12-week-old ob/ob mice: leukocytes rolling on (ob/+, 1.85 ± 0.58 leukocytes/mm; ob/ob, 10.30 ± 2.67; n = 5, total 50 vessels; P < 0.01) or firmly adhering to the vessel walls (ob/+, 1.03 ± 0.45 leukocytes/mm; ob/ob, 12.84 ± 2.93; n = 5, total 50 vessels; P < 0.01) were frequently observed in postcapillary venules, which were identified based on vessel diameter and slower flow velocity than that seen in arterioles ( Figure 2 , K-P, and Supplemental Movies 7 and 8). Interestingly, firmly adhering leukocytes were often observed on vascular walls adjacent to CLSs ( Figure 2O ), which, as reported previously, consist of aggregated macrophages (3) . In addition to leukocytes, adhesion of platelets to vessel walls also increased in postcapillary venules, and firm leukocyte adhesion was always coupled with platelet aggregation (Figure 2 , E and N, and Supplemental Movies 2 and 8).
In contrast to epididymal fat pads, the inguinal subcutaneous fat pads of ob/ob mice showed no significant increases in the levels of leukocyte rolling or adhesion in the microcirculation (Figure 2, M and P). In addition, leukocyte-EC interactions were also not augmented in the skeletal muscle quadriceps femoris in ob/ob mice. Thus in obesity, leukocyte-EC-platelet interactions are apparently selectively enhanced in visceral adipose tissue.
Further analysis of the blood flow within the epididymal adipose tissue revealed that while the blood flow in lean adipose tissue was largely continuous, even at the capillary level, the flow in obese epididymal adipose tissue was varied and often discontinuous ( Figure 2 , G and H, and Supplemental Movies 4 and 5). The passing leukocytes appeared to perturb the flow in obese adipose tissue ( Figure  2H and Supplemental Movie 5), and leukocytes firmly adhering to vessel walls were often observed at sites of discontinuous blood flow, suggesting that the leukocyte-EC interactions retard flow (15, 16) . As a result, the average blood flow in the relatively small
Figure 1
Schematic diagram of the confocal microscope for real-time in vivo imaging. To visualize cell dynamics in vivo, fluorescent dyes were injected into the tail veins of anesthetized mice. A small incision was then made for an observation window, and the mouse was set on a heating pad to maintain body temperature. An inverted microscope equipped for Nipkow-spinning disk confocal laser microscopy, which enabled scanning at up to 1,000 frames/s, was used to visualize the tissue. See Methods for details.
capillaries (<8 μm) was significantly slower in obese adipose tissue than in lean adipose tissue (ob/+, 391 ± 21 μm/s; IgG-treated ob/ob, 187 ± 17 μm/s; n = 5, total 100 vessels; P < 0.01; Figure 2J ). Moreover, lower local hematocrits and slower blood flow velocities were seen in venules distal to capillaries with adherent leukocytes and platelet aggregations ( Figure 2E ). Such perturbation of blood flow was not observed in subcutaneous adipose tissue in ob/ob mice, again indicating that leukocyte-EC interactions are selectively activated in visceral adipose tissue.
Our observation of local hypocirculation in obese epididymal adipose tissue is in agreement with previous reports (13) and implies local hypoxia. This was confirmed when we administered pimonidazole and observed increased formation of pimonidazole adducts in adipocytes and stromal cells in obese epididymal adipose tissue ( Figure 3 , A-D), which suggests that perturbation of the blood flow and the resultant hypoxia likely contribute to adipose tissue dysfunction in obesity. The hypoxic state of obese adipose tissue was supported by our finding there of upregulated expression of hypoxia-inducible factor-1α (HIF-1α; Supplemental Figure 1 ).
Enhanced expression of adhesion molecules in ECs and macrophages in obese visceral adipose tissue. To investigate the molecular mechanisms underlying the heightened leukocyte-EC interactions within obese adipose tissue, we focused on expression of adhesion molecules by initially examining their expression levels in stromal-vascular fractions (SVFs) from epididymal fat pads (Figure 4 , A-C). Real-time PCR analyses showed several-fold increases in the levels of ICAM-1, E-selectin, and P-selectin expression in SVFs from obese mice compared with control mice. To determine which cell populations within the SVFs contributed to the increases, surface expression of adhesion molecules and cell type-specific markers were analyzed by flow cytometry with gating to macrophages (F4/80 + ; Figure 4 , D-H) or ECs (CD31 + ; Figure 4 , I-L). When gated to ECs (CD31 + cells), surface expression of P-selectin, E-selectin, and ICAM-1 was increased in obese adipose tissue, whereas VCAM-1 expression was unchanged. That P-and E-selectins are not expressed under normal physiological conditions but are synthesized and exported to the EC surface under inflammatory conditions (17) indicates that the ECs are activated within obese adipose tissue.
We found that obesity also markedly affected expression of adhesion molecules on macrophages (F4/80 + cells; Figure 4 , D-F). As reported previously, the number of macrophages (defined as F4/80 + CD11b + cells) within SVFs was increased in obese adipose tissue (ob/+, 11.7% ± 1.7%; ob/ob, 26.1% ± 1.2%; n = 5; P < 0.01). When gated to macrophages (F4/80 + cells), the levels of ICAM-1 and L-selectin expression were significantly increased, whereas expression of CD18 (integrin β2-chain, the ligand for ICAM-1) and CD162 (P-selectin ligand 1; PSGL1) was unchanged ( Figure 4 , G and H). Thus expression of adhesion molecules is clearly upregulated in both ECs and macrophages within obese adipose tissue.
Although ICAM-1 is expressed in leukocytes and ECs under normal conditions, it is upregulated by proinflammatory cytokines in atherosclerotic lesions (10). Robker et al. recently reported that expression of ICAM-1 protein is localized to ECs in lean adipose tissue (18) , but to our knowledge its expression in obese adipose tissue has not previously been documented. Because our FACS analysis indicated that ICAM-1 expression was clearly upregulated in both ECs and macrophages ( Figure 4 , D and K), we further analyzed localization of ICAM-1 in adipose tissue using the confocal microscopy-based tissue imaging method that we recently developed (7). Immunohistochemical staining showed strong ICAM-1 and CCR2 expression in macrophages within CLSs in obese mice, suggesting M1 activated phenotypes (4), with stromal macrophages expressing lower levels of ICAM-1 ( Figure 3 , E-L).
Locally enhanced platelet dynamics in obese adipose tissue. That firmly adherent leukocytes were often found adjacent to CLSs ( Figure 2O ) suggests that the enhanced surface expression of adhesion molecules such as ICAM-1 likely promotes extravasation of macrophages into CLSs. We found that firm leukocyte adhesion was always coupled to platelet aggregation in obese epididymal fat pads ( Figure 2 , E and N, and Supplemental Movies 2 and 8). Indeed, platelet dynamics in postcapillary venules were markedly enhanced in obese adipose tissue, such that local aggregation and rolling of platelets on the vascular walls were significantly increased (ob/+, 0.43 ± 0.25 adhered platelets/mm; ob/ob, 1.59 ± 0.36 adhered platelets/mm; n = 5, total 50 vessels; P = 0.01; Supplemental . Following FITC-dextran injection (MW 150,000), blood cells were negatively visualized in cyan-magenta-yellow order. Erythrocyte, leukocyte, and platelet cell dynamics were visualized at high spatiotemporal resolutions. Blood cell type was determined from the cell size. Where indicated, anti-ICAM-1, anti-E-selectin (Esel), anti-P-selectin (Psel), and normal rat IgG was injected intravenously prior to observation. Note the firmly adherent leukocytes and platelets on the vascular wall and the low hematocrit within the postcapillary venules of ob/ob mice (E). (J) Relationship between blood flow velocity and vascular diameter in adipose tissue from ob/+ (blue), IgG-treated ob/ob (red), and anti-ICAM-1-treated ob/ob (green) mice. Blood flow velocity at the capillary level (<8 μm) was significantly slower in ob/ob than ob/+ mice, but was increased to ob/+ levels by anti-ICAM-1 treatment (n = 5, total 100 vessels/genotype). (K-P) Nuclear staining with acridine orange for specific visualization of leukocyte dynamics. Time-lapse images were reconstructed in red-green-blue order from 3 sequential images obtained at 90-ms intervals from Supplemental Movies 7 (L) and 8 (N), and enabled leukocyte rolling and firm adhesion were visualized. FITC-conjugated anti-CD41 antibody was used to visualize platelet dynamics (N). Number of rolling (M) and firmly attached (P) leukocytes per postcapillary venule length (leukocytes/mm; n = 5, total 50 vessels/genotype) and in epididymal adipose tissue from lean C57BL/6 mice fed normal chow (WT) and high-fat diet-induced obese mice (HFD). In ob/ob mice, the number of rolling/adherent leukocytes significantly increased in epididymal fat (EPI), but not in inguinal subcutaneous fat (SC) or quadriceps skeletal muscle (MUS). (Q and R) Vascular permeability of epididymal and subcutaneous adipose tissue analyzed using FITC-dextran (MW 4,000). Fluorescence intensities within the vessel (R2) and stromal space (R1) were measured, and R1/R2 ratio was used to assess the level of extravasation of FITC-dextran. Permeability increased in obese epididymal adipose tissue from ob/ob and high-fat diet-fed mice, but was normalized by anti-ICAM-1 (n = 3, total 60 points from 20 fields/genotype). Scale bars: 100 μm (A-C and K), 50 μm (O), 10 μm (D-I, L, N, and Q). *P < 0.05.
Movie 2).
Furthermore, approximately 30% of the aggregated platelets were found with adherent leukocytes. To examine the activation status of systemic platelets, surface P-selectin expression was examined using flow cytometry with systemic blood obtained by cardiac puncture ( Figure 5A ). P-selectin is stored in α-granules in resting platelets and expressed on the platelet surface only during and after platelet degranulation (19) . We found no significant difference in surface P-selectin levels in platelets from the systemic circulations of lean and obese mice ( Figure 5A ). In contrast, platelets obtained from blood within adipose tissue showed markedly elevated surface expression of P-selectin, which is indicative of local platelet activation within obese adipose tissue ( Figure 5B ).
To further analyze platelet dynamics, we used flow cytometry to examine platelet-monocyte conjugate formation ( Figure 5C ). Degranulated platelets aggregate with monocytes, initially via the binding of platelet surface P-selectin to its PSGL1 counter-receptor on the surface of macrophages. Previous studies have shown that monocyte-platelet aggregates are highly sensitive indicators of platelet activation, particularly in vivo (20) . Activated platelets have also been shown to interact with monocytes and the endothelium, depositing chemokines on their surfaces and promoting atherogenesis (21, 22) . We counted monocyte-platelet aggregates in blood within adipose tissue using flow cytometry and found that the number of aggregates was markedly increased in obese adipose tissue. In addition, the number of circulating platelet-monocyte conjugates in the systemic circulation tended to be increased, but did not reach statistical significance, which is consistent with local activation of platelets within obese adipose tissue.
EC barrier dysfunction in obese visceral adipose tissue. Another hallmark of inflammatory responses in the microcirculation is EC barrier dysfunction (i.e., increased vascular permeability), which we evaluated based on the ratio of fluorescence intensities within the vessel and stromal space following injection of mice with small-sized FITCdextran (MW 4,000) (23, 24) . We found that the FITC-dextran was highly extravasated into the stromal space in obese epididymal adipose tissue in ob/ob mice, but not in control lean adipose tissue, indicating that vascular permeability was significantly increased in the former (Figure 2 , Q and R). By contrast, we did not find increased vascular permeability in subcutaneous fat pads in ob/ob mice.
Enhanced leukocyte-EC-platelet dynamics and EC barrier dysfunction in diet-induced obesity. To determine whether the observed enhancement of cellular dynamics is a fundamental feature of obese visceral adipose tissue, we analyzed the cellular dynamics in high-fat diet-induced obese mice. Body weights were significantly higher in 12-week-old mice fed a high-fat diet for 4 weeks than in mice fed normal chow (high-fat diet, 32.0 ± 0.25 g; normal chow, 25.6 ± 0.25 g; n = 5; P < 0.01). The levels of leukocyte rolling and adhesion were significantly higher in epididymal adipose tissue in diet-induced obese mice than in control mice, although the increases were smaller than those observed in ob/ob mice (Figure 2, M and P). We also observed increased vascular permeability in epididymal adipose tissue of mice with high-fat diet-induced obesity ( Figure 2R ). The results presented thus far clearly indicate that inflammatory changes are taking place in the microcirculation selectively within visceral obese adipose tissue. ECs, macrophages, and platelets are all locally activated and interacting via adhesion molecules.
Inhibition of adhesion molecules mitigates visceral adipose tissue inflammation. Levels of ICAM-1 expression were markedly increased on both macrophages and ECs in obese adipose tissue, and particularly high levels of ICAM-1 expression were present in macrophages within CLSs ( Figure 3 , E and F, and Figure 4 , D and K). We also confirmed the presence of greater numbers of F4/80 cells (monocytes) expressing ICAM-1 in local adipose tissue blood ( Figure 4M ). Based on these findings, we hypothesized that inhibition of ICAM-1-mediated cellcell interactions might affect leukocyte-EC dynamics and inflammation in obese adipose tissue. To test that idea, we injected either anti-ICAM-1 neutralizing antibody or control normal IgG into ob/ob mice. At 30 min after injection, the numbers of rolling (IgG-treated ob/ob, 9.96 ± 2.53 leukocytes/mm; anti-ICAM-1 ob/ob, 6.18 ± 1.33 leukocytes/mm; n = 5, total 50 vessels; P = 0.03) and adherent (IgG-treated ob/ob, 11.56 ± 4.28 leukocytes/mm; anti-ICAM-1 ob/ob, 1.30 ± 0.71 leukocytes/mm; n = 5, total 50 vessels; P < 0.01) leukocytes were significantly diminished by anti-ICAM-1 antibody compared with normal IgG (Figure 2 , M and P). Administration of normal IgG did not significantly alter the levels of leukocyte rolling or adhesion compared with untreated ob/ob mice (Figure 2, M and P). Anti-ICAM-1 treatment also mitigated the reduction in small capillary (<8 μm) blood flow (IgG-treated ob/ob, 187 ± 17 μm/s; anti-ICAM-1 ob/ob, 421 ± 21 μm/s; n = 5, total 100 vessels; P < 0.01, Figure 2J ). In addition, 24 h after administration of the anti-ICAM-1 antibody, vascular permeability had declined to a level similar to that seen in lean controls ( Figure 2R ). Thus, inhibition of ICAM-1 suppresses leukocyte-EC dynamics and improves EC function and blood flow.
Because surface expression of E-and P-selectins was increased in ECs, we also analyzed the effects of neutralizing antibodies against them. We found that the numbers of rolling leukocytes were significantly diminished by the antibodies. Similarly, the numbers of adherent leukocytes tended to be reduced by both P-and E-selectin blockade, but the difference did not reach statistical significance (Figure 2, M and P) . The observed acute effects of an ICAM-1 neutralizing antibody on leukocyte-EC dynamics prompted us to test whether chronic administration of the antibody further inhibits macrophage infiltration into adipose tissues. We administered the anti-ICAM-1 antibody or normal IgG 3 times per week for 2 weeks, after which the numbers of infiltrating macrophages and CLSs were determined. The number of CLSs was significantly higher in ob/ob mice than ob/+ mice (ob/+, 0.25 ± 0.16 CLS/field; IgG-treated ob/ob, 5.54 ± 0.93 CLS/field; n = 5, total 50 fields; P < 0.01; Figure 3 , M-Q), as previously reported (3, 7, 25, 26) . Treatment with anti-ICAM-1 antibody reduced CLS formation (anti-ICAM-1 ob/ob, 2.36 ± 0.61; n = 5, total 50 fields; P < 0.01 vs. IgG-treated ob/ob; Figure 3P ), and there was a corresponding reduction in the numbers of infiltrating macrophages (ob/+, 0.43 ± 0.03 macrophages/ adipocyte; IgG-treated ob/ob, 1.31 ± 0.06 macrophages/adipocyte; anti-ICAM-1 ob/ob, 1.05 ± 0.07 macrophages/adipocyte; n = 5, total 1,000 adipocytes; P < 0.01; Figure 3Q ).
We then determined whether CLSs contained dead adipocytes or macrophages. Previous studies have shown that adipocytes in CLSs undergo necrotic cell death (3). Only 26% of CLSs contained dead cells, including adipocytes and stromal cells (YO-PRO1 + cells), in anti-ICAM-1-treated mice, while 54% of CLSs did so in control ob/ob mice (Figure 3 , R-U). To distinguish apoptotic from necrotic cell death, double labeling with YO-PRO1 and propidium iodide (PI) was performed, and the results obtained showed almost 40% of the dead cells within CLSs (YO-PRO1 + ) had undergone apoptotic cell death (YO-PRO1 + PI + ) in obese mice ( Figure 3V ).
The reduction in macrophage infiltration was confirmed using flow cytometry based on counts of F4/80 + CD11b + cells (IgG-treated ob/ob, 26.1% ± 1.2% macrophages in SVF; anti-ICAM-1 ob/ob, 20.9% ± 1.4% macrophages in SVF; n = 5; P < 0.01). Thus anti-ICAM-1 treatment not only inhibited leukocyte-EC interaction, it also mitigated macrophage infiltration into obese adipose tissue. 
Discussion
Conventional techniques used to visualize tissue structure generally involve excision of the tissue, fixation, and sectioning; however, such techniques do not enable direct visualization of the complex cellular interplay taking place in living animals. Cellular reactions in inflammation are particularly dynamic and involve multiple cell types, and vascular circulation is absolutely essential for initiation of inflammatory responses. Consequently, analysis of the dynamic processes underlying inflammation requires in vivo imaging of intact tissues in living animals with high spatiotemporal resolution. Recent advances in optical instruments, including a spinning-disk confocal system and a high-speed scanning laser confocal microscope, have enabled high-speed confocal image acquisition. Confocal imaging has multiple advantages over conventional widefield microscopy. Higher spatial resolutions and thin optical slices can be obtained without being interfered by the out-of-focus haze of confocal microscopy. These are particularly important to visualize complex cellular dynamics. In earlier studies, intravital confocal microscopy was used to visualize the cellular dynamics with translucent tissues, including the mesentery and the cremaster muscle (5, 6) . However, that technology is not directly applicable to adipose tissue, because it would require exteriorization of the fragile adipose tissue. In the present study we applied spinning-disk confocal microscopy, advanced image capture methods, and fluorescent indicators to visualize intact living adipose tissue. Using a combination of fluorescent dextran and in vivo staining of blood cells with fluorescently labeled specific antibodies and fluorescent dyes, we visualized -for the first time to our knowledge -the cellular dynamics within intact living adipose tissue. The results presented clearly establish obese adipose tissue as a site of active inflammation; moreover, the observed mitigation of inflammation by specific anti-adhesion molecule antibodies illustrates the utility of this technology for evaluating new approaches to treating adipose tissue abnormalities.
Previous studies have shown that obese adipose tissue secretes various inflammatory mediators (e.g., TNF-α and IL-6), as well as adipokines such as adiponectin, and suggest that adipose tissue plays a crucial and integral role in systemic inflammation in obese subjects. Subsequent findings of augmented infiltration of macrophages into obese adipose tissue (25) and the vicious interactions between adipocytes and macrophages via inflammatory cytokines and lipids (2) suggested the inflammatory changes seen in obese adipose tissue may be the key pathology that promotes systemic inflammatory states in obese subjects. Still, little was known about how inflammation is initiated and what inflammatory changes take place within obese adipose tissue. Our present findings clearly demonstrate that adipose tissue obesity involves interactions among activated ECs, leukocytes, and platelets. Obese adipose tissue is also subject to reduced blood flow velocity and increased hypoxia. These dynamic changes are common and fundamental features of inflammation. Thus, by visualizing the cellular dynamics, we clearly established obese adipose tissue as a site of inflammation and determined that local events taking place within the adipose tissue microcirculation play an essential role in the initiation and progression of adipose tissue inflammation.
Our findings also demonstrate that the leukocyte adhesion cascade is activated in obesity and plays an essential role in in situ inflammation within obese visceral adipose tissue. The accumulation of lipid-loaded cells under the endothelium is a hallmark of early-stage atherosclerotic lesions and is initiated by the interaction of activated ECs and leukocytes (27) , which means that similar mechanisms are operating during the initiation of inflammation in adipose tissue and arteries. Recently, we demonstrated that angiogenesis is indispensable to the progression of adipose tissue obesity (7) . Likewise, angiogenesis within the arterial wall is important for the progression of atherosclerosis (28) . Cellular interactions between resident cells and macrophages via inflammatory cytokines and other factors are actively taking place in both atherosclerotic plaques and obese adipose tissue (2) , which suggests that a number of common mechanisms underlie both atherosclerosis and adipose tissue obesity. It is now established that atherosclerosis is a chronic inflammatory disease (29) . Chronic inflammation is characterized by infiltration of mononuclear cells, tissue destruction, and healing through replacement of the connective tissue in the damaged area, which is accomplished through angiogenesis and, especially, fibrosis (30) . But closely linked concomitant progression of tissue destruction and healing will lead to rearrangement of the original architecture or remodeling of the tissue (31). Although we obtained no clear evidence of fibrosis in adipose tissue in the obese mouse models we used, fibrosis does reportedly occur in adipose tissue in KKAy mice under certain conditions (H. Sakaue, Kinki University, Higashiosaka, Japan, personal communication). Moreover, we observed that in ob/ob, db/db, and high-fat diet-induced obese mice, adipose tissue obesity involves dynamic structural changes, including adipocyte hypertrophy, angiogenesis, CLS formation, adipogenesis, stromal cell proliferation, and adipocyte death (3, 7, 25) . In addition, previous studies have shown that certain MMPs are activated in obese adipose tissue (32, 33) and that inhibition of MMPs mitigate adipose tissue obesity (34, 35) . Consistent with those findings, adipocytes are enveloped by a basement membrane, and only after its extensive remodeling can adipocyte hypertrophy occur (36) . Moreover, adipogenesis is closely coupled with angiogenesis and requires cooperative growth of stromal cells, which also requires remodeling of the extracellular matrix (7). These dynamic changes in the organization of adipose tissue architecture can be considered adipose tissue remodeling and very likely use the same molecular mechanisms that promote tissue remodeling in chronic inflammation of other tissues. When compared with other chronic inflammatory diseases, such as atherosclerosis, liver fibrosis, and asthma, the features of visceral adipose tissue obesity, including tissue remodeling, activated leukocyte-platelet-EC interactions, and active involvement of macrophages, collectively indicate that visceral adipose tissue obesity can be considered to be chronic inflammatory disease.
As previously reported (37, 38) , much less macrophage infiltration was observed in subcutaneous fat in obese mice, although the adipocytes exhibited a degree of hypertrophy that was similar to that seen in epididymal fat (data not shown). In contrast to epididymal fat, obese subcutaneous fat did not exhibit enhanced leukocyte-EC interactions or vascular permeability (Figure 2) , which is consistent with previous findings that visceral fat expresses higher levels of inflammatory cytokines and contains a greater number of macrophages than does subcutaneous fat (37, 38) . In addition, numerous clinical studies have established that visceral obesity is a more important risk factor for cardiovascular disease than subcutaneous obesity (39) . Differential activation of the leukocyte adhesion cascade also suggests that, in addition to the systemic changes involved in obesity, local factors within the epididymal fat play an important role in the inflammatory response, an idea supported by our observation of local activation of platelets ( Figure 5 ). These local factors may be the reason there is greater association between visceral obesity and cardiovascular risk.
Analysis of the effects of anti-adhesion molecule antibodies demonstrated the analytical power of our imaging technology and that leukocyte-EC interactions are potential therapeutic targets in the treatment of obesity and adipose tissue dysfunction. Acute inhibition of ICAM-1 using an anti-ICAM-1 antibody suppressed leukocyte adhesion and vessel hyperpermeability and improved blood flow, demonstrating that the leukocyte-EC interaction is crucial for activation of local inflammatory processes and that ICAM-1 is an important inflammatory mediator in adipose tissue. The importance of the leukocyte-EC interaction in inflammation was further substantiated by our experiments using anti-E-selectin and anti-P-selectin neutralizing antibodies. Interestingly, chronic administration of anti-ICAM-1 antibody suppressed formation of CLSs, which are typically found in advanced cases of adipose tissue obesity (3, 7) . The macrophages contained in CLSs exhibit the classical CCR2 + M1 activated macrophage phenotype (Figure 3 , J and K) and are known to produce various inflammatory cytokines and reactive oxygen species (4) and to engulf dead adipocytes within the CLSs (3). We found that macrophages within CLSs were also positive for dead cell markers (Figure 3, R-V) . Almost 40% of the dead macrophages within CLSs in ob/ob epididymal fat had undergone apoptotic cell death ( Figure 3V ). The precise underlying mechanism is unclear, but it is tempting to speculate that after macrophages engulf necrotic adipocytes, they undergo apoptotic cell death to avoid unnecessary and consistent inflammation (40, 41) . The reduction of macrophages in fat pads by anti-ICAM-1 treatment also implies that there is some remodeling of resident macrophage numbers. However, we could not determine the residence lifetime because of the lack of markers that distinguish resident macrophages from macrophages that infiltrate from the systemic circulation. These results of the chronic anti-ICAM-1 treatment indicate that leukocyte-EC interaction is necessary not only for initiation of inflammation, but also for progression of chronic inflammatory changes.
We also found that blood flow velocity was slowed in obese adipose tissue, causing it to be in a hypoxic state that likely contributes to the metabolic dysfunction within the tissue (42) . To rule out the possibility that altered rheological properties of erythrocytes in obese mice might have affected the microcirculation, we performed an indentation test by combining atomic force microscopy and confocal microscopy. The results showed no significant differences in the mechanical properties of erythrocytes in lean and obese mice (data not shown). That the slowed blood flow was most apparent in capillaries containing adherent leukocytes and platelet aggregates suggests that the slowing was a result of enhanced leukocyte-EC interaction, but it remains difficult to draw conclusions as to whether the leukocyte-EC interaction or the retardation of blood flow that initiated the changes we observed in the adipose microcirculation. This is because low venular shear force caused by reduced blood flow reportedly promotes leukocyte-EC-platelet interactions (43) , and the resultant leukocyte adhesion increases network resistance (44) , perturbing blood flow. This vicious cycle likely augments leukocyte-EC interactions and inflammatory states.
Another important finding was that vascular permeability increased in obese visceral fat and was normalized by anti-ICAM-1 treatment. Capillary permeability can be altered by several mechanisms, including nitric oxide synthesis, a change in the prostanoid balance, and increased oxidative stress (23, 24) . Leukocyte adhesion to ECs also can trigger vascular leakage (45, 46) . The finding that anti-ICAM-1 treatment reduced vascular permeability ( Figure 2R ) suggests that leukocyte-EC interactions may play an important role in increasing vascular permeability. On the other hand, during the initiation of atherosclerosis, it is endothelial dysfunction -including hyperpermeability and retention of modified lipoproteins -that is the crucial step triggering the leukocyte adhesion cascade and inflammation (47) . Further study will be needed to identify what initiates the cascade of inflammatory responses and the order of events in adipose tissue obesity. In order to address these important questions, it will be necessary to combine in vivo visualization technology with genetic and pharmacological interventions. Our present results provide a strong basis for these studies as well as for the development of novel therapeutic strategies.
Methods
Mice. Twelve-week-old ob/ob and ob/+ mice were obtained from Charles River Inc. To examine the chronic effects of ICAM-1 blockade on adipose tissue structure, purified rat neutralizing anti-mouse ICAM-1 antibody was intraperitoneally administered (100 μg/mouse, clone YN1/1.7.4; Biolegend) 3 times per week for 2 weeks prior to experimentation; the control ob/ob group received nonspecific IgG (100 μg/mouse; SigmaAldrich) in a similar manner.
Diet-induced obese mice were prepared as follows: 8-week-old C57BL/6 mice were purchased from Charles River Inc., housed under a 12-h light/12-h dark cycle, and allowed free access to standard laboratory food (6% fat; Oriental Yeast) or high-fat food (32% fat; CLEA Japan). After 4 weeks on the diet, the cell dynamics were examined in the 12-week-old mice.
To examine the acute effects of ICAM-1, E-selectin, and P-selectin blockade on cell dynamics and vascular permeability, neutralizing rat anti-mouse E-selectin (2 μg/g body wt, clone 10E9.6; Research Diagnostics), P-selectin (2 μg/g body wt, clone R40.34; Research Diagnostics) or ICAM-1 (2 μg/g body wt, clone YN1/1.7.4; Biolegend) antibody was injected via the tail vein before the in vivo imaging experiments. In addition, to rule out the effect of nonspecific IgG injection (2 μg/g body wt) into ob/ob mice, we repeated the leukocyte cell dynamics analysis in ob/ob mice without antibody injection. All of the antibody clones used were validated in the in vivo and in vitro neutralizing studies (48) (49) (50) . All experiments were approved by the University of Tokyo Ethics Committee for Animal Experiments and strictly adhered to the guidelines for animal experiments of the University of Tokyo.
Preparation of mice for in vivo imaging. To visualize cellular dynamics in vivo, mice were anesthetized by injection with urethane (1.5 g/kg). Our preliminary studies showed that urethane was most suitable to use because in contrast to pentobarbital, isoflurane, barbiturate, and ketamine-xylazine, it did not significantly affect the local microcirculation in the adipose tissue. After the appropriate depth of anesthesia was obtained, a small incision was made and moistened with saline. This window was then covered with Saran Wrap. Intravital imaging was performed through the small (~3 mm) window without exteriorizing the fat pad as shown in Figure 1 . Heating pads were used to keep the body temperature at 37°C.
Dye and antibody injections to visualize cell dynamics. To visualize blood flow and blood cells, mice were infused with FITC-dextran (5 mg/kg body wt, MW 150,000) via the tail vein, and blood cells were visualized as dye-free elements. We were able to discriminate erythrocytes, leukocytes, and platelets based on their size and deformation in high-power field images. To visualize leukocyte nuclei, acridine orange dye was administered 10 min before the experiments (1.25 mg/kg body wt). To specifically visualize single-platelet kinetics, R-phycoerythrin-conjugated anti-CD41 antibody (BD Biosciences -Pharmingen) was injected 20 min before experiments (0.1 μg/g body wt). The concentration used in our experiments was lower than the value previously shown to have no significant impact on in vivo leukocyte-EC interactions (51) .
Microscope setup for in vivo imaging. The experimental set up for in vivo imaging is shown in Figure 1 . We used an inverted microscope (IX71; Olympus) equipped for Nipkow spinning-disk confocal microscopy (CSU22; Yokogawa-denki) to obtain images with high time and spatial resolution (80 nm/pixel). The system consisted of a rotating microlens array that efficiently guided laser beams into pinholes and a spinning disk. The disks were rotated as rapidly as 5,000 rpm, which enabled the acquisition of images at up to 1,000 frames/s.
An electron multiplying charge-coupled device (EMCCD; Impactron CCD; Nihon TI) was used to obtain sequential images because it offers excellent sensitivity and high signal-to-noise ratio. All sequential images were obtained at 30 frames/s with the exposure time of 10 ms for each image. The short exposure time was essential for visualization of the cellular dynamics in the microcirculation. In the preliminary experiment using a high-speed C-MOS camera and image intensifier (SV-200i; Photron), we were able to acquire images at 1,000 frames/s. However, acquired images were far inferior to the ones obtained using the EMCCD in terms of spatial resolution. Because the high spatial resolution is vital for analyzing cellular interactions and the speed of 30 frames/s was sufficient to visualize cell dynamics in capillaries and postcapillary venules, we used the EMCCD camera throughout the present study. The images were obtained sequentially, without averaging, and quantitative analysis was performed by blinded observers using IpLab software version 3.6 (Scanalytics).
Our system is equipped with an argon-krypton laser for excitation at λexcitation 488 or 568 nm, and the emission signal was collected using a multidichroic mirror and appropriate band-pass filters. However, due to the long changing time of mechanical filters (Ludl Electronic Products Ltd.), we could obtain monochromatic videos with single excitation.
A high-power object lens (×100 oil, numerical aperture 1.40, UPlanSApo; Olympus) was used mainly to visualize cell dynamics, including those of erythrocytes and platelets. A low-power lens (×10 dry, numerical aperture 0.30, UPlanFL; Olympus) was used to visualize adipose tissue structure. Because a high numerical aperture was critical for in vivo visualization, lenses with long working distances were inappropriate for our purpose.
Quantification of leukocyte dynamics. To quantify leukocyte dynamics, sequential images were obtained and analyzed as follows. Rolling leukocytes were defined as those that showed continuous interaction with the endothelium when moving through the vessels. Firmly adhering leukocytes were defined as those adhering to the endothelium and remaining within a 20-μm segment of vessel for more than 30 s. The numbers of rolling and adherent leukocytes were counted in vessels in randomly selected fields, averaged, and expressed as the number of leukocytes per mm (vessel length).
Quantification of vascular permeability. To quantify vascular permeability, mice were injected with small-sized FITC-dextran (MW 4,000) via the tail vein, and images of the vessels were obtained beginning 10 min after injection. The fluorescence intensities within the vessel (R2) and the stromal space (R1) were then measured, after which the R1/R2 ratio was used to assess the level of extravasation ( Figure 2Q) .
Tissue imaging ex vivo. For immunohistochemical analyses, mice were sacrificed by cervical dislocation, after which the epididymal fat was removed using a sterile technique and minced into small pieces (~2-3 mm) using a scalpel. The tissue pieces were washed, fixed in 4% formaldehyde for 45 min, permeabilized with 1% Triton X-100 (Calbiochem) for 10 min, and blocked with 1% bovine serum albumin. The specimens were then incubated first for 12 h with a primary antibody (anti-F4/80, Caltag; anti-ICAM-1, Santa Cruz Biotechnology; anti-CCR2, Abcam) at 1:100-1:200 dilution and then for 1 h with Alexa Fluor 488-conjugated secondary antibody (Invitrogen) at 1:100 dilution. The tissues were counterstained for 1 h with BODIPY 558/568 C12 [4, 4-difluoro-5-(2-thienyl)-4-bora-3a, 4a-diaza-s-indacene-3-dodecanoic acid, 5 μM; Invitrogen] to visualize adipocytes and with Hoechst 33342 (40 μM; Invitrogen) to visualize the nuclei. The tissue samples were excited using 3 laser lines (405, 488, and 568 nm), and the emission was collected through appropriate narrow band-pass filters. Stacks of images (2-to 5-μm thick) were collected at 0.5-μm intervals along the optical axis. Each image was produced from an average of 8 frames using IpLab software version 3.6 (Scanalytics), after which the acquired images were processed using VoxBlast software (Vaytek) to produce a surface-rendered 3-dimensional model.
To identify apoptotic and necrotic cells, living tissues were incubated with YO-PRO1 (0.2 μM; Invitrogen) and PI (0.3 μg/ml; Invitrogen) for 20 min, without fixation. YO-PRO1 can enter cells once their plasma membrane has reached a certain degree of permeability during apoptosis, while PI can only cross the cell membrane of necrotic cells (52) . The cell membrane of viable cells is impermeable to both. YO-PRO1 + cells thus include both apoptotic and necrotic cells, while the PI + cells are necrotic. The tissue was counterstained with BODIPY and Hoechst and visualized as described above.
Analysis of hypoxia. To detect hypoxia in epididymal fat pads, immunohistochemical staining of pimonidazole adducts was performed using a hypoxyprobe-I Plus kit (Chemicon International). Mice were intraperitoneally injected with 40 mg/kg pimonidazole 1 h before they were sacrificed; hypoxic cells activate and bind the injected compounds. Adipose tissue was immediately removed and fixed, and immunohistochemical detection of pimonidazole was carried out according to the instructions provided by the manufacturer. Hypoxic cells, including adipocytes and stromal cells, were visualized, and the signal intensity of the anti-pimonidazole antibody was quantified in randomly selected fields. The tissues were also counterstained with BODIPY and Hoechst.
Isolation of the SVF and flow cytometry. To isolate the SVF, minced adipose tissue was centrifuged to remove blood cells and then incubated in a collagenase solution (2 mg/ml, collagenase type 2; Worthington) for 30 min. The tissue was then centrifuged, and the resultant pellet containing the SVF was filtered through 70-μm mesh, incubated for 10 min in erythrocyte-lysing buffer, and finally resuspended in PBS. The cells were then incubated with either labeled monoclonal or isotype control antibody and analyzed by flow cytometry using a FACSCalibur flow cytometer and CellQuest Pro software (BD). The antibodies used were as follows: anti-CD54 (ICAM-1, clone YN1/1.7.4; eBioscience), anti-L-selectin (CD62L, clone MEL-14; eBioscience), anti-CD11c (clone N148; eBioscience), anti-PSGL1 (clone 2PH1; Research Diagnostics Inc.), anti-CD18 (clone M18/2; eBioscience), anti-E-selectin (clone 10E9.6; BD), anti-P-selectin (clone RB40.34; BD), and anti-VCAM-1 (CD106, clone 429; eBioscience).
Platelet P-selectin and leukocyte-platelet aggregates examined by flow cytometry. A direct immunofluorescence technique was used to determine platelet activity in local resident and systemic blood using FITC-conjugated anti-CD62P (P-selectin). To obtain local blood resident in adipose tissue, fat pads were excised, minced in PBS with citrate, and centrifuged. Systemic blood was obtained by cardiac puncture. Tissue suspensions were centrifuged, and the resultant pellet was filtered through 50-μm mesh. Cell suspensions were incubated with either labeled monoclonal or isotype control antibody. Leukocyte-platelet aggregates from systemic and local adipose tissue blood were analyzed. To examine the conjugates, cell suspensions were incubated with R-phycoerythrin-conjugated anti-CD41 (clone MWReg30; BD) and Alexa Fluor 488-conjugated anti-F4/80 (clone BM8; Caltag).
Real-time quantitative PCR. The SVF and whole adipose tissue were homogenized in TRIzol, and total RNA was isolated. Relative mRNA levels were calculated using the comparative Ct method; ribosomal 18S RNA served as the endogenous control. The sequences of the sense and antisense primers were as follows: P-selectin sense, 5′-TGTATCCAGCCTCTTGGGCATTCC-3′; antisense, 5′-TGGGACAGGAAGTGATGTTACACC-3′; ICAM-1 sense, 5′-ACAGA-CACTAGAGGAGTGAGCAGG-3′; antisense, 5′-GTGAGCGTCCATATT-TAGGCATGG-3′; E-selectin sense, 5′-GGCATGTGGAATGACGAGAG-3′; antisense, 5′-TGACCACTGCAGGATG-3′; HIF-1α, sense, 5′-GGACAAGT-CACCACAGGA-3′; antisense, 5′-GGAGAAAATCAAGTCGTG-3′.
Statistics. Results are expressed as mean ± SEM. The statistical significance of differences between 2 groups was determined using Student's t tests; differences among 3 groups were evaluated using ANOVA followed by posthoc Bonferroni tests. P values less than 0.05 were considered significant.
